The quantum anomalous Hall (QAH) effect combines topology and magnetism to produce precisely quantized Hall resistance at zero magnetic field. We report the observation of a QAH effect in twisted bilayer graphene aligned to hexagonal boron nitride. The effect is driven by intrinsic strong interactions, which polarize the electrons into a single spin-and valley-resolved moiré miniband with Chern number C = 1. In contrast to magnetically doped systems, the measured transport energy gap is larger than the Curie temperature for magnetic ordering, and quantization to within 0.1% of the von Klitzing constant persists to temperatures of several kelvin at zero magnetic field. Electrical currents as small as 1 nanoampere controllably switch the magnetic order between states of opposite polarization, forming an electrically rewritable magnetic memory.
T wo-dimensional insulators can be classified by the topology of their filled energy bands. In the absence of time-reversal symmetry, nontrivial band topology manifests experimentally as a quantized Hall conductivity s xy ¼ C e 2 h , where C ≠ 0 is the total Chern number of the filled bands, e is the electron charge, and h is Plank's constant. Fundamental questions about the nature of topological phase transitions (1) , as well as possible applications in resistance metrology (2) and topological quantum computing (3) , have motivated considerable efforts to engineer quantum anomalous Hall (QAH) effects showing topologically protected quantized resistance in the absence of an applied magnetic field. To date, QAH effects have been observed only in a narrow class of materials consisting of transition metal-doped (Bi,Sb) 2 Te 3 (4-10). In these materials, ordering of the dopant magnetic moments breaks time-reversal symmetry, combining with the strongly spin-orbit coupled electronic structure to produce topologically nontrivial Chern bands (11) . However, the performance of these materials is limited by the inhomogeneous distribution of the magnetic dopants, which leads to microscopic structural, charge, and magnetic disorder (12) (13) (14) (15) . As a result, quantization occurs at temperatures that are approximately one order of magnitude smaller than the magnetic ordering temperature (4) (5) (6) .
Moiré graphene heterostructures provide the two essential ingredients needed for engineering intrinsic quantum anomalous Hall effects: topological bands and strong correlations. For both graphene on hexagonal boron nitride (hBN) and twisted multilayer graphene, moiré patterns generically produce bands with a finite Chern number (16) (17) (18) (19) , with time-reversal symmetry of the single-particle band structure enforced by the cancellation of Chern numbers in opposite graphene valleys. In certain heterostructures, particularly in twisted bilayer graphene (tBLG) with interlayer twist angle q ≈ 1.1°and rhombohedral graphene aligned to hBN, the bandwidth of these Chern bands can be made exceptionally small (17, (20) (21) (22) , favoring correlation-driven states that break one or more spin, valley, or lattice symmetries. Experiments have found correlation-driven low temperature phases at integer band fillings when these bands are sufficiently flat (22) (23) (24) (25) (26) . Notably, states showing magnetic hysteresis indicative of time-reversal symmetry breaking have recently been reported in both tBLG (27) and rhombohedral graphene heterostructures (28) at commensurate filling. These systems show large anomalous Hall effects highly suggestive of an incipient Chern insulator at zero magnetic field.
Here, we report the observation of a QAH effect showing robust zero magnetic field quantization in a flat-band (q ≈ 1.15 ± 0.01°) tBLG sample aligned to hBN. The electronic structure of flat-band tBLG is described by two distinct bands per spin and valley projection isolated from higher-energy dispersive bands by an energy gap. The total capacity of the flat bands is eight electrons per unit cell, spanning −4 < n < 4, where the band filling factor n = nA m , with electron density n and moiré unit cell area A m ≈ 130 nm 2 . Figure 1A shows the longitudinal and Hall resistances (R xx and R xy ) measured at a magnetic field B = 150 mT (29) and temperature T = 1.6 K as a function of charge density over the entire flat band. The sample is insulating at the overall charge neutral point and shows a weak resistance peak at n = 2. Additionally, we observe R xy approaching h/e 2 in a narrow range of density near n = 3, concomitant with a deep minimum in R xx reminiscent of an integer quantum Hall state. Figure 1B shows the magnetic field dependence of both R xx and R xy at a density of n = 2.37 × 10 12 cm −2 measured at T = 1.6 K. The Hall resistivity is hysteretic, with a coercive field of several tens of millitesla, and we observe a well-quantized R xy = h/e 2 along with R xx < 1 kilohm persisting through B = 0, indicative of a QAH state stabilized by spontaneously broken time-reversal symmetry. The switching transitions are marked by discrete Barkhausen jumps in the resistance on the order of h/e 2 in both R xx and R xy , which is typical of magnetic systems consisting of a small number of domains (15, 30) . Figure 1C shows the detailed density evolution of the R xy hysteresis near n = 3. Both the coercive field and zero-field Hall resistance are maximal near n = 3, although hysteresis can be observed over a much broader range of n, between 2.84 and 3.68 ( fig. S13 ). Quantized response is only observed for a particular choice of contacts at one end of the device (29) . Figure 1D shows a schematic representation of the band structure at full filling (n = 4) and at n = 3. In the absence of interactiondriven order, the spin-degenerate bands in each valley have a total Chern number of ±2. The observed QAH state occurs because the exchange energy is minimized when an excess valley-and spin-polarized Chern band (18, 19) is occupied, spontaneously breaking timereversal symmetry. Magnetic order in two dimensions requires anisotropy. In graphene, the vanishingly small spin-orbit coupling provides negligible anisotropy for the spin system. It is thus likely that the observed magnetism is orbital, with strong, easy-axis anisotropy arising from the two-dimensional nature of the graphene bands (18, 19, 26, 27, 31) .
The phenomenology of n = 3 filling is nonuniversal across tBLG devices: some samples are metallic (23, 24) ; some show a robust, thermally activated, trivial insulator (25, 26) ; whereas others show an anomalous Hall effect (27) . This is consistent with theoretical expectations (31) that the phase diagram at integer n is highly sensitive to details including the interlayer twist angle, both uniform and inhomogeneous strains (32) , as well as alignment to an hBN encapsulant layer. The prior report of magnetic hysteresis at n = 3 was indeed associated with close alignment of one of the two hBN layers (27) . Theoretical analysis has shown (18, 19) that the resultant breaking of the C 2 rotation symmetry of tBLG strongly favors a QAH state at n = 3.
The device presented here is nominally aligned to one of the hBN layers (fig. S1), and it shows a number of signatures that suggest strong modifications of the band structure relative to unaligned devices. First, our device shows only a weakly resistive feature at n = 2 but a robust thermally activated insulator at charge neutrality. The activation gap for this n = 0 insulator is larger than even the gaps for the states at n = ±4, which are much smaller than typical (fig. S10) (29) . Second, the quantum oscillations are highly anomalous, with hole-like quantum oscillations originating at n = 2, again in contrast to all prior reports (fig. S11) (23) (24) (25) (26) . Additional Landau fan features also appear consistent with an hBN alignment of 0.6°( fig. S6) ; however, twist angle variations within the tBLG preclude unambiguous determination of the hBN-tBLG twist angle. Although no detailed theory for these observations is available, the extreme sensitivity of the detailed structure of the flat bands to model parameters, combined with observations that hBN substrates can produce energy gaps as large as 30 meV in monolayer graphene (33) , point to the role of the substrate in tipping the balance between competing many-body ground states at n = 3 in favor of the QAH state. These observations together suggest that hBN-aligned samples constitute a different class of tBLG device with distinct phenomenology. Figure 2 , A and B, shows the temperature dependence of major hysteresis loops in R xx and R xy , respectively. As T increases, we observe both a departure from resistance quantization and a suppression of hysteresis, with the Hall effect showing linear behavior in field by T =12 K. In our measurements, we observe resistance offsets of~1 kilohm from the ideal quantized value, which vanish when resistance is symmetrized or antisymmetrized with respect to magnetic field (or, for B ≈ 0, with respect to field training). For quantitative analysis of the T-dependent data, we thus study field-training symmetrized resistances, denoted R xy and R xx . Figure 2C shows R xy ð0Þ. Finite hysteresis is observed up to temperatures of 8 K (Fig. 2C) , which is consistent with the Curie temperature T C ≈ 7.5 K determined from an Arrott plot ( fig. S12 ).
R xy remains quantized up to T ≈ 3 K, with the average value of ð1:0010 T 0:0002Þ Â h e 2 between 2 and 2.7 K. To quantitatively assess the energy scales associated with the QAH state, we measure the activation energy at low temperature. Figure 2D shows both the measured R xx and the deviation from quantization of the Hall resistance, d R xy ¼ h=e 2 À R xy , on an Arrhenius plot. We assume that the Hall conductivity s xy is approximately T-independent and the longitudinal conductivity s xx e e À△=ð2T Þ , where D is the energy cost of creating and separating a particle-antiparticle excitation of the QAH state. Under this assumption, inverting the conductivity tensor gives dR xy e e ÀD=ðT Þ and R xx e e ÀD=ð2T Þ (29) . We find the activation gaps extracted from fitting d R xy and R xx to be D = 26 ± 4 K and D = 31 ± 12 K, respectively, with the large uncertainty in the latter arising from the absence of a single simply activated regime (29) . The activation energy is thus several times larger than T C , in contrast to magnetically doped topological insulator films, for which activation gaps are typically between 2% and 10% of T C (5, 6, 29) .
Ferromagnetic domains in tBLG interact strongly with applied current (27) . In our device, this allows deterministic electrical control over domain polarization using exceptionally small direct currents. Figure 3A shows R xy at 6.5 K and B = 0, measured using a small alternating current excitation of~100 pA, to which we add a variable direct current bias. We find that the applied direct currents drive switching in a manner analogous to that observed in an applied magnetic field, producing hysteretic switching between magnetization states. Direct currents of a few nanoamperes are sufficient to completely reverse the magnetization, which is then indefinitely stable (29) . Figure 3B shows deterministic writing of a magnetic bit using current pulses, and its nonvolatile readout using the large resulting change in the anomalous Hall resistance. High-fidelity writing is accomplished with 20-nA current pulses, whereas readout requires <100 pA of applied alternating current. Assuming a uniform current density in our micrometer-sized, two-atom-thick tBLG device results in an estimated current density J < 10 3 A·cm −2 . Although current-induced switching at smaller direct current densities of J ≈ 10 2 A·cm −2 has been realized in MnSi, readout of the magnetization state in this material has so far only been demonstrated using neutron scattering (34) . Compared with other systems that allow in situ electrical readout, such as GaMnAs (J = 3.4 × 10 5 A·cm −2 ) (35) and Cr-(BiSb) 2 Te 3 heterostructures (J = 8.9 × 10 4 A·cm −2 ) (36), the applied current densities are at least one order of magnitude smaller. What is more relevant to device applications is that the absolute magnitude of the current required to switch the magnetization state of the system (~10 −9 A) in our device is, to our knowledge, considerably smaller than that reported in any other system. Figure 3C shows the Hall resistance at T = 7 K, just below the onset of hysteresis, measured as a function of magnetic field and current. At zero magnetic field, opposite signs of direct current stabilize opposite magnetic polarizations. Furthermore, when a static field is present, direct currents can stabilize configurations disfavored by the applied field. Current breaks time-reversal symmetry, but mirror symmetry across the plane perpendicular to the sample and parallel to the net current flow precludes an injected charge from favoring a particular out-of-plane polarization. We propose (29) a simple mechanism for the low-current switching that arises from the interplay of edge-state physics and device asymmetry. In a QAH state, an applied current generates a chemical potential difference between the chiral one-dimensional modes located on opposite sample edges. Owing to the opposite dispersion of a given edge state in opposite magnetic states (which have opposite C), the DC current I changes the energy of the system by dE ∼ T A succession of 20-nA current pulses of alternating signs controllably reverses the magnetization, which is read out using the Hall resistance. The magnetization state of the bit is stable for at least 10 3 s (29). (C) R xy as a function of both direct current bias and magnetic field at 7 K. Opposite directions of direct current preferentially stabilize opposite magnetization states of the bit. Measurements presented in Fig. 3 are neither field nor Onsager symmetrized, which is why there is an offset in R xy .
device asymmetry. For a current in the range of 10 to 100 nA, comparable to the switching currents observed at low temperatures, using estimates of m and v based on bulk measurements (29) and assuming an edge length difference of ≈1 mm gives dE comparable to the magnetic dipole energy caused by a 1-mT field. Although this effect should be generic to all QAH systems, it is likely to be dominant at low currents in tBLG because of the weak pinning of magnetic domains and small device dimensions. Crucially, it provides an engineering parameter for electrical control of domain structure that can be deterministically encoded in the device geometry.
